Propionic acid is the second of most abundant organic acid in soil.
1) It is biosynthesized from carbohydrates and several amino acids by microorganisms. There are two major pathways for propionic acid metabolism, the methylmalonyl-CoA pathway 2) and the methylcitric acid cycle. 3) In mammals and several bacteria, propionylCoA converted from propionic acid is carboxylated to methylmalonyl-CoA and finally rearranged to succinylCoA via the methylmalonyl-CoA pathway. 2) In this pathway, methylmalonyl-CoA mutase (EC 5.4.99.2) is the key enzyme. It is dependent on coenzyme B 12 . Because coenzyme B 12 is insufficiently present in eukaryotes containing fungi, 4) an alternative pathway, the methycitric acid cycle, exists in fungi and operates for propionic acid metabolism. The methylcitric acid cycle was first discovered in an eukaryotic microorganism by Tabuchi et al., who reported the production of 2-methylisocitric acid from odd-carbon n-alkanes in fluoroacetic acid-resistant Candida lipolytica (Yarrowia lipolytica). 3, 5) Further evidence of the existence of this cycle was obtained by detection of the enzymes necessary for the methylcitric acid cycle, including methylcitrate dehydratase (EC 4.2.1.79) and methylisocitrate lyase (EC 4.1.3.30). [6] [7] [8] [9] In many fungi, propionylCoA is produced from propionic acid, odd-numbered fatty acids, and amino acids such as isoleucine, methionine, and valine.
The methylcitric acid cycle begins with condensation of propionyl-CoA and oxaloacetic acid to form methylcitric acid by methylcitrate synthase (EC 2.3.3.5; MCS). Methylcitric acid is isomerized via cis-2-methylaconitic acid to 2-methylisocitric acid, which is cleaved to pyruvic acid and succinic acid (Fig. 1 ). Succinic acid is immediately metabolized to regenerate oxaloacetic acid in the tricarboxylic acid (TCA) cycle. Many fungi utilize propionic acid as a carbon source, since the methylcitric acid cycle functions as a metabolic pathway. Miyakoshi et al. 10) have reported that the methylcitric acid cycle is widely distributed in eukaryotic cells. Recently, genome analysis of microorganisms revealed that the methylcitric acid cycle is widely distributed in microorganisms, including bacteria such as Escherichia coli, 11) Mycobacterium tuberculosis, 12) and M. smegumatis. 13) MCS, a key enzyme in the methylcitric acid cycle, catalyzes the condensation of propionyl-CoA and oxaloacetic acid to methylcitric acid. It is noteworthy that some MCSs show citrate synthase (EC 2.3.3.1; CS) activity, i.e., condensation of acetly-CoA and oxaloacetic acid to citric acid. 12, 14, 15) Among Aspergillus sp., functions and genes of MCSs derived from A. nidulans 15, 16) and A. fumigatus 17) have been reported, and these MCSs showed both MCS and CS activities. CS is one of the essential enzymes related to citric acid production in A. niger. If MCS of A. niger also shows CS and MCS activities, MCS might play an important role in the mechanism of citric acid production by A. niger, but the MCS of A. niger has not been well defined.
In this study, for functional analysis, we cloned the gene encoding MCS (mcsA) of citric acid-producing A. niger WU-2223L [18] [19] [20] [21] [22] [23] [24] and expressed it heterologously in E. coli. Furthermore, to confirm the roles of MCS in relation to propionate metabolism and citric acid production in A. niger WU-2223L, mcsA disruptants were constructed and characterized.
Materials and Methods
A. niger strains, cultivation conditions, and media. A. niger WU-2223L, [18] [19] [20] [21] [22] [23] [24] a hyper-producer of citric acid, and strain DKL-2P (ÁkueA, pyrG À ::pyrG), a kueA disruptant showing high gene-targeting frequencies constructed by insertion of pyrG derived from strain WU-2223L into genomic DNA of strain DKL-2, 21) were used. Conidia of these strains were suspended in 60 mL of a synthetic medium to a final concentration of 5:0 Â 10 6 conidia/mL and were cultivated aerobically with shaking at 120 rpm in shake flasks (500 mL) at 30 C. The citric acid production medium (SLZ medium) contained the following ( izer for protoplasts. The initial pH was adjusted to 6.0, and when necessary 10 g/L of agar BA-10 (Ina Food Industry, Nagano, Japan) was added to prepare plates of CD medium.
DNA and RNA isolation. After cultivation for appropriate intervals, mycelia were harvested with glass microfiber filter GF/A and then qualitative paper filter no. 4 (Whatman, Brentford, UK). The harvested mycelia were washed twice with pure water on the paper filter. The washed mycelia were frozen in liquid nitrogen and ground into a fine powder with a mortar and pestle. Genomic DNA was isolated from the powdered mycelia using Isoplant II (Nippon Gene, Tokyo) following the manufacturer's manual. Total RNA was isolated from the powdered mycelia by the method of acid guanidinium thiocyanatephenol-chloroform. 25) Cloning of the methylcitrate synthase gene (mcsA). For amplification of the genes encoding methylcitrate synthase (mcsA) by PCR, genomic DNA of A. niger WU-2223L was used as template. The specific primers were designed in accordance with the sequences of the genes encoding MCS reported for A. nidulans FGSC A4 (GenBank accession no. NT 107008), A. niger CBS 513.88, 26) and A. niger ATCC 1015 27) (http://genome.jgi-psf.org/). For amplification of mcsA, the Pr1 primer (5 0 -TAT AAA ACA TAT GTC TTT CTC CMT GCC GA-3 0 ) and Pr2 primer (5 0 -TAC TCG AGS TTG CCR AYC ART CCC TT-3 0 ), containing the NdeI and XhoI sites respectively, were used. The cDNA fragment of mcsA was also amplified by reverse-transcription PCR with Pr1 and Pr2 primers. Reverse-transcription PCR was performed with ReverTra-Plus-(Toyobo, Osaka, Japan) following the manufacturer's manual. The flanking regions of mcsA were amplified with Pr3 primer ( Construction of plasmids. Plasmid pEWMCSA for expression of mcsA of A. niger WU-2223L was constructed as follows: the cDNA fragments of mcsA of A. niger WU-2223L was digested with NdeI and XhoI and cloned into pET-21a(þ) (Novagen, Madison, WI). Plasmid pDMCS-PTR for mcsA disruption was constructed as follows: the PCR-amplified DNA fragment of mcsA using primer Pr1 and Pr2 was cloned into pGEM-T Easy Vector (Promega, Madison, WI) and digested with NruI. Then the pyrithiamine resistance gene ptrA, amplified from pPTRI (Takara Bio, Shiga, Japan), was inserted into the NruI site of mcsA to construct plasmid pDMCS-PTR.
Production and purification of His-tagged MCS. Recombinant E. coli BL21(DE3)/pEWMCSA was generated by transformation with plasmid pEWMCSA. This recombinant E. coli cells were cultivated in a 500-mL Erlenmeyer flask containing 50 mL of Lulia-Bertani (LB) medium with 100 mg/mL of ampicillin at 37 C for 3 h at 120 rpm. After 3 h of cultivation, 100 mM isopropyl -D-1-thiogalactopyranoside (IPTG) was added, and this was cultured continuously at 25 C for 16 h. E. coli BL21(DE3)/pEWMCSA was harvested by centrifugation and washed twice with 50 mM K 2 HPO 4 -KH 2 PO 4 buffer (pH 7.0), then resuspended in 5 mL of the same buffer. After sonication, the cell-free extract was applied to a HisTrap HP 1 mL column (GE Healthcare, Tokyo). The column was washed well with 50 mM Tris-HCl buffer (pH 8.0) including 500 mM NaCl and 10 mM imidazole. Then the HisÂ6-tagged MCS was eluted with 50 mM Tris-HCl buffer (pH 8.0) including 500 mM NaCl and 500 mM imidazol and desalted on a PD-10 column (GE Healthcare). The protein concentration in the cell-free extract was determined using a Coomassie Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA) with bovine serum albumin as standard. To determine the molecular mass of the purified HisÂ6-tagged MCS, SDS-PAGE analysis was carried out.
Transformation of A. niger and mcsA disruption. mcsA disruptants derived from A. niger DKL-2P were constructed with pDMCS-PTR by the protoplast-PEG method, as described previously.
28) The transformants were isolated on CD medium containing 100 mg/mL of pyrithiamine as selection marker.
Southern blotting analysis. Southern blotting was performed as described previously. 24) An approximately 600-bp fragment of PCRamplified mcsA with genomic DNA of A. niger WU-2223L as template, primer Pr1 and Pr9 (5 0 -TAT GCT AGC GTG GGC TCC CAG-3 0 ) was used as probe in Southern blot analysis.
Preparation of cell-free extracts and measurement of MCS and CS activities. Cell-free extracts of the A. niger strains were prepared as follows and used for the enzymatic analysis of MCS and CS: the powdered mycelia were prepared as described in the section on DNA and RNA isolation. The powdered mycelia were suspended in 50 mM Tris-HCl buffer (pH 8.0). Residual mycelial debris was removed by centrifugation (15;000 Â g, 4 C, 20 min) to prepare cell-free extracts. The protein concentration in the cell-free extract was determined with Coomassie Protein Assay Reagent with bovine serum albumin as standard. MCS and CS activities were measured by the methods of Tabuchi et al. 6) and Srere 29) respectively. The reaction mixture contained 50 mM Tris-HCl (pH 8.0), 1.0 mM 5,5 0 -dithiobis-(2-nitrobenzoic acid), 1.0 mM oxaloacetate, and 0.2 mM propionyl-CoA for MCS and acetyl-CoA for CS respectively. The reaction was followed spectrophotometrically byspectrophotometer U-3010 (Hitachi, Tokyo). One unit (U) was defined as the amount of enzyme producing 1 mmol of CoA-SH per min.
Growth tests on the mcsA disruptant. For growth tests, modified CD agar plates containing 10 mM or 50 mM propionic acid or 10 mM propionic acid, as an alternative to glucose, as sole carbon source, or 50 mM amino acids isoleucine, methionine, and valine as sources of propionyl-CoA, and glutamate was used as control. Conidia of A. niger WU-2223L, DKL-2P, and DMCS-1 were suspended in distilled water to a final concentration of 2:0 Â 10 8 conidia/mL. Aliquots of 2.5 mL of conidial suspension were inoculated on each of the modified CD agar plates, and were incubated for 3 to 21 d at 30 C. After appropriate cultivation times, the growth and morphology of each strain were analyzed.
Determination of mycelial dry weight, citric acid, and glucose. Mycerial dry weights, citric acid, and glucose in the culture filtrate were determined basically like those reported previously. [19] [20] [21] [22] [23] [24] 28) The culture filtrate was recovered by filtering the culture broth through glass microfiber filter GF/A and qualitative paper filter no. 4. Residual mycelia on the filter paper were dried at 105 C, and the mycelial dry weight was determined as described previously.
30) The culture filtrate was analyzed by the HPLC LC-20 system (Shimadzu, Kyoto, Japan) equipped with a Shim-pack SCR-101H column (Shimadzu). In quantification, refractive index detector RID-10A and photodiode array detector SPD-M20A at 210 nm (Shimadzu) were used, and 4 mM HClO 4 was used as mobile phase.
Results
Cloning and identification of the methylcitrate synthase gene (mcsA)
A chromosomal DNA fragment of mcsA with its flanking region was cloned from A. niger WU-2223L by PCR. The cDNA of mcsA (1,398 bp) was also cloned from A. niger WU-2223L by reverse-transcription PCR. The nucleotide sequences of chromosomal mcsA and its cDNA were determined and analyzed (GenBank accession no. AB787287). The mcsA of A. niger WU-2223L occupied a 1,495-bp region containing two introns (49 and 48 bp), and encoded a polypeptide consisting of 465 amino acids (Fig. 2) . The upstream region of mcsA was analyzed by GENETYX version 9.0.1 (Genetyx, Tokyo), but there were no clear putative transcriptional factors (e.g., the binding sites of PacC and CreA). The calculated molecular mass of this protein was approximately 51.3 kDa by SDS-PAGE analysis (Fig. 3) . Analysis of the amino acid sequence by the program MITOPLOT (http://ihg2.helmholtz-muenchen.de/ihg/ mitoprot.html) revealed that a leader peptide sequence for mitochondrial import, which comprised 28 amino acids, was present at the N-terminus of the protein encoded by mcsA. Moreover, by Southern blot analysis, we confirmed that there was only one copy of mcsA in the A. niger WU-2223L chromosome ( Fig. 4A and B) .
The homology between MCS of A. niger WU-2223L and that of other microorganisms was calculated by GENETYX version 9.0.1. The amino acid sequence of the protein encoded by mcsA of A. niger WU-2223L showed 97.6% and 97.8% homology to those of annotated MCS genes reported for A. niger CBS 513.88 26) and ATCC 1015 27) (http://genome.jgi-psf.org/) respectively. It also showed 83.7% and 85.8% homology to those of MCS genes of A. nidulans (GenBank accession no. AJ249117) and A. fumigatus (GenBank accession no. AJ888885).
Purification and characterization of His-tagged MCS
Expression plasmid pEWMCSA carrying cDNA of mcsA of A. niger WU-2223L was constructed, and E. coli BL21(DE3) was transformed with it. After cultivation of the E. coli transformant in LB medium, a cell-free extract of E. coli BL21(DE3)/pEWMCSA was prepared and His-tagged MCS was purified by Ni 2þ -affinity column. In order to demonstrate that the isolated mcsA gene encodes MCS, the activities of His-tagged MCS were examined. His-tagged MCS showed not only 27.6 U/mg of MCS activity, but also 26.8 U/mg of CS activity.
Construction of the mcsA disruptant
The mcsA disruptants derived from A. niger DKL-2P, a kueA disruptant derived from strain DKL-2, were constructed and analyzed. Fourteen transformants were isolated on CD medium containing 100 mg/mL of pyrithiamine as selection marker. mcsA disruption was confirmed by Southern blot analysis using mcsA as probe ( Fig. 4A and B ) and transcriptional analysis of mcsA (Fig. 4C) , and six of the 14 transformants were identified as mcsA disruptants. Among these six disruptants, one strain, DMCS-1, was used as a representative disruptant in subsequent analysis.
Characterization of the mcsA disruptant To confirm mcsA disruption, the specific activities of MCS and CS were measured with cell-free extracts of the strains cultivated in SLZ medium for 5 d. A. niger WU-2223L showed 1:60 Â 10 À2 U/mg of MCS activity, but no MCS activity was detected in DMCS-1 (Table 1) according to the disappearance of mcsA transcription (Fig. 4C) . CS activity in DMCS-1 was 8:58 Â 10 À1 U/mg, somewhat higher than that in WU-2223L (6:00 Â 10 À1 U/mg) ( Table 1) . Growth tests on DMCS-1, WU-2223L, and DKL-2P on CD agar plates containing propionic acid or amino acids were also done. With glucose as sole carbon source, the growth of DMCS-1 was at the same level as that of WU-2223L and DKL-2P, whereas with glucose and propionic acid as carbon sources, the growth of DMCS-1 was strongly inhibited with increasing concentrations of propionic acid (Fig. 5) . Although the growth of WU-2223L and DKL-2P was also inhibited by propionic acid, the inhibition levels for these strains were not much greater than that for DMCS-1. Moreover, only DMCS-1 was incapable of growing on a modified CD agar plate including propionic acid as sole carbon source, even though WU-2223L and DKL-2P grew on the plate. Supplementation with amino acids methionine, isoleucine, and valine strongly reduced the conidial color of DMCS-1 (to gray), whereas WU-2223L and DKL-2P were hardly affected (data not shown). Glutamic acid, used as control, did not affect the conidial color of any strain tested.
Citric acid production by DMCS-1
In order to determine the contribution of MCS to citric acid production in A. niger, citric acid production A, Schematic representation of the disruption of mcsA through homologous recombination by transformation with pDMCS-PTR. B, Southern blot of the mcsA disruptant using the specific probe indicated in A. Genomic DNAs were digested with Ase I and Bgl II. Note that the band pattern of the mcsA disruptant (DMCS-1) is different from those of WU-2223L and DKL-2P, reflecting the insertion of ptrA into mcsA. Lane M, !/Eco RI and Hind III digest. C, Transcriptional analysis of mcsA by reverse-transcription PCR. The actin gene (act1) was used as internal standard. tests were done. The amount of citric acid produced by DMCS-1 (63.5 g/L) in SLZ medium containing glucose as carbon source was of approximately the same level as by WU-2223L (64.6 g/L) and DKL-2P (65.2 g/L) (Fig. 6) . The yield based on glucose consumed for DMCS-1 (56.6% w/w) was also of approximately the same level as for WU-2223L (59.2% w/w) and DKL-2P (58.5% w/w). Moreover, citric acid productivity, defined as the ratio of the amount of citric acid to mycelial dry weight, for DMCS-1 (4.2 g/g) was also of approximately the same level as for WU-2223L (4.3 g/g) and DKL-2P (4.4 g/g). The concentrations of oxalic acid and intermediate organic acids in the TCA cycle, such as succinic acid, fumaric acid, and malic acid, in the culture filtrate of each strain were also analyzed, but no significant accumulation of the organic acids was confirmed, and the concentrations of organic acids in the culture filtrate of DMCS-1 were of approximately the same level as WU-2223L, and DKL-2P.
Discussion
Nucleotide sequence analysis of chromosomal mcsA and cDNA revealed that the mcsA of A. niger WU-2223L encoded a protein consisting of 465 amino acids (Fig. 2) . The deduced molecular mass of this protein was 51.3 kDa, in accord with the value by SDS-PAGE analysis (Fig. 3) , but the molecular mass of MCS from A. niger WU-2223L was slightly larger than the purified native MCS from A. nidulans (43 kDa) 15) and A. fumigatus (45 kDa). 17) Analysis of the amino acid sequences revealed that a leader peptide sequence for mitochondrial import was present at the N-terminus of MCS from A. niger WU-2223L. Therefore we concluded that the difference in molecular mass was due to this leader peptide, which was not cleaved off in E. coli BL21(DE3). Moreover, the presence of the leader peptide indicates that the MCS of A. niger localized to mitochondria, similarly to that of C. lipolytica, reported by Uchiyama et al.
31)
His-tagged MCS accepted oxaloacetic acid and propionyl-CoA as substrates and showed MCS activity, clearly indicating that the isolated mcsA gene product was MCS, and that the MCS from A. niger WU-2223L showed activity without cleaving the leader peptide. On the other hand, the MCS of A. niger also showed CS activity, similarly to MCSs of other aspergilli. 15, 17) The amino acid sequence of MCS and the nucleotide sequence of mcsA showed 51.0% and 59.2% homology to those of CS and cit1 23) (GenBank accession no. D63377) derived from A. niger WU-2223L. Further enzymatic properties, such as the K m and catalytic efficiency, of MCS derived from A. niger WU-2223L are at present under investigation.
As shown in Table 1 , no specific activity of MCS was detected in DMCS-1 due to the disruption of a single gene, mcsA. By Southern blot analysis, we confirmed that there was only one copy of mcsA on the chromosome of A. niger WU-2223L. These results clearly Conidia of A. niger WU-2223L, DKL-2P, and DMCS-1 were inoculated in a citric acid production medium to a final concentration of 5:0 Â 10 6 conidia/mL, and were cultivated for 12 d at 30 C at 120 rpm. Symbols: hollow circle, glucose consumption by A. niger WU-2223L; shaded circle, glucose consumption by DKL-2P; solid circle, glucose consumption by DMCS-1; hollow triangle, citric acid production by A. niger WU-2223L; shaded triangle, citric acid production by DKL-2P; solid triangle, citric acid production by DMCS-1.
indicate that mcsA is the only gene encoding methylcitrate synthase in A. niger. As shown in Table 1 , the CS activity of WU-2223L was 6:00 Â 10 À1 U/mg, but this value included that of the CS activity derived from MCS. Considering that His-tagged MCS showed CS activity as well as MCS activity, the CS activity derived from CS in WU-2223L was 5:84 Â 10 À1 (¼6:00 Â 10 À1 {1:60 Â 10 À2 ) U/mg. It is noteworthy that DMCS-1 showed greater CS activity (8:58 Â 10 À1 U/mg) than WU-2223L (5:84 Â 10 À1 U/mg). As shown in Fig. 2 , no putative binding sites of PacC and CreA have been found in the upstream region of mcsA, but there is a possibility that regulation of gene levels as between mcsA and cit1 was affected. For example, Zhang and Keller 16) have reported transcriptional induction of the MCS gene by propionic acid in A. nidulans, and Min et al. 32) have reported that the CreA binding domain and three stress-response elements (STREs) were found upstream of the CS gene in A. nidulans.
In a growth test, the mcsA disruptant DMCS-1 did not grow on propionic acid as sole carbon source (Fig. 5) . Moreover, the growth of DMCS-1 on glucose was inhibited by propionic acid. These results are in accord with previous reports on A. fumigatus, 17) indicating that propionic acid is metabolized via the methylcitric acid cycle and not via the methylmalonyl-CoA pathway. Supplementation with methionine, isoleucine, and valine caused discoloration of the conidia of DMCS-1 (data not shown), suggesting that these amino acids were degraded to propionyl-CoA, which was not further metabolized and accumulated in DMCS-1, resulting in inhibition of acetyl-CoA production, similarly to the case of A. fumigatus. 17) Furthermore, these results also confirm that the pathway metabolizing propionylCoA to pyruvic acid, the methylcitric acid cycle, functions in A. niger. However, as shown in Fig. 6 , we confirmed that MCS had no effects on citric acid production from glucose by A. niger. As shown in Table 1 , MCS activity accounts for 2.7% of CS activity, and we predict that CS activity derived from MCS is also 2.7% of the CS activity derived from CS. Thus the CS activity of DMCS-1 was greater than that of WU-2223L. Therefore, we concluded that MCS is not an essential enzyme in citric acid production from glucose by A. niger.
In conclusion, in this study, we determined the presence and functions of MCS in citric acid-producing A. niger WU-2223L for the first time. We confirmed that MCS derived from A. niger as well as those from eukaryotic microorganisms show both MCS and CS activities. Moreover, we found that propionic acid is metabolized in A. niger through the methylcitric acid cycle, and that MCS is the essential enzyme in the metabolism of propionyl-CoA.
